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Objective: Selective cerebral perfusion is a proven adjunct to hypothermia for neuro-
protection in complex aortic surgery. The ideal conditions for the provision of selec-
tive cerebral perfusion, however, including optimal perfusion pressure, remain
unknown. We investigated the effects of various perfusion pressures during selective
cerebral perfusion on cerebral physiology and outcome in a long-term porcine model.
Methods: Thirty piglets (26.36 1.4 kg), cooled to 20C on cardiopulmonary bypass
with a-stat pH management (mean hematocrit 23.6%), were randomly assigned to 90
minutes of selective cerebral perfusion at a pressure of 50 (group A), 70 (group B), or
90 (group C) mm Hg. With fluorescent microspheres and sagittal sinus sampling, ce-
rebral blood flow and cerebral oxygen metabolism were assessed at baseline, after
cooling, at two points during selective cerebral perfusion, and for 2 hours after cardio-
pulmonary bypass. Visual evoked potentials were monitored during recovery. Neuro-
behavioral scores were assessed blindly from standardized videotaped sessions for
7 postoperative days.
Results: Cerebral blood flow during selective cerebral perfusion was significantly
increased by higher-pressure perfusion (P5 .04), although all groups sustained sim-
ilar levels of cerebral oxygen metabolism during selective cerebral perfusion (P 5
.88). After the end of cardiopulmonary bypass, the cerebral oxygen metabolism
increased to above baseline in all groups, with the highest levels seen in group C
(P5 .06). Intracranial pressure was significantly higher during selective cerebral per-
fusion in group C (P5 .0002); visual evoked potentials did not differ among groups.
Neurobehavioral scores were significantly better in group A (P 5 .0002).
Conclusion: Selective cerebral perfusion at 50 mm Hg provides neuroprotection
superior to that at higher pressures. The increased cerebral blood flow with higher-
pressure selective cerebral perfusion is associated with cerebral injury, reflected by
high post–cardiopulmonary bypass cerebral oxygen metabolism and poorer neuro-
behavioral recovery.
S
elective antegrade cerebral perfusion (SCP) is gaining widespread popularity
as the adjunct of choice along with systemic hypothermia for cerebral protec-
tion during aortic arch resection.1,2 The optimal parameters for the provision of
SCP, however, including perfusion pressure, remain unclear. Under normal physio-
logic conditions, autoregulation maintains constant levels of cerebral blood flow
(CBF) across a wide range of cerebral perfusion pressures.3 Unfortunately, hypother-
mia, cardiopulmonary bypass (CPB),4,5 and the cerebrovascular disease and hyperten-
sion demonstrable in many patients with aortic aneurysms disturb this mechanism.6,7
In the absence of autoregulation, intraoperative CBF becomes pressure dependent.
Low levels of flow may result in regional hypoperfusion and cerebral ischemia,8 es-
pecially in those areas perfused through diseased vessels or in patients with systemic
hypertension. Excessive flow may provoke the development of cerebral edema, how-
ever, and contribute to an elevated embolic load to the brain.9 We sought to assess
optimal perfusion pressure during SCP with a long-term porcine model that enables
cerebral physiologic assessment and blinded postoperative neurobehavioral analysis.
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PAbbreviations and Acronyms
CBF 5 cerebral blood flow
CMRO2 5 cerebral metabolic rate for oxygen
CPB 5 cardiopulmonary bypass
ICP 5 intracranial pressure
SCP 5 selective antegrade cerebral perfusion
SSP 5 sagittal sinus pressure
SSSO2 5 sagittal sinus oxygen saturation
VEP 5 visual evoked potential
Materials and Methods
Study Design
Thirty juvenile female Yorkshire pigs (approximately 3 months old
with a mean weight of 26.36 1.4 kg) were studied (Animal Biotech
Industries Inc, Danboro, Pa). The animals were all placed on CPB
and cooled to 20C, followed by 90 minutes of SCP. In group A,
SCP was carried out at a mean pressure of 50 mm Hg, in group B
at 70 mm Hg, and in group C at 90 mm Hg. Computer-generated
randomization was carried out (CB), with individual group alloca-
tion revealed at the onset of CPB.
All animals received humane care in accordance with the guide-
lines from Principles of Laboratory Animal Care formulated by the
National Society for Medical Research and with the ‘‘Guide for the
Care and Use of Laboratory Animals’’ (www.nap.edu/catalog/
5140.html). The Mount Sinai Institutional Animal Care and Use
Committee approved the protocol for this experiment.
Perioperative Management and Anesthesia
The perioperative management (including intracranial monitoring
and visual evoked potential [VEP] recording) and anesthesia proto-
cols were identical to those previously described.10
Operative Technique
The operative preparation of the animals and the layout of the CPB
circuit were identical to those from earlier studies.10 Once stable
CPB was established, cooling to 20C was undertaken (a-stat pH
management); cardiotomy suction was not used. CPB was contin-
ued for a minimum of 30 minutes after initiation to ensure thorough
cooling; the sagittal sinus oxygen saturation (SSSO2) values we ob-
tained at the end of cooling and throughout SCP were considerably
above baseline (Table 1). The operating room was kept between
18C and 20C to prevent any upward temperature drift.
Just before the commencement of SCP, diastolic cardiac arrest
was achieved by adding 1-mEq/kg potassium chloride to the venous
reservoir. Clamps were placed across the ascending aorta and the
proximal descending aorta to isolate the arch, and SCP—providing
flow to all the arch vessels—was initiated and maintained at a mean
pressure (measured in the brachial artery) of 50, 70, or 90 mm Hg,
depending on the group allocation. No flow was provided to the
lower body during SCP. Myocardial protection was supplemented
by irrigation of the pericardium with iced saline solution (approxi-
mately 4C).
After SCP, the clamps were removed, and CPBwith whole-body
perfusionwas reinstituted. Rewarmingwas carried through to a brain
temperature of 36.5C, maintaining a temperature difference of lessThe Journal of Thothan 10C between the perfusate and brain and rectal measurements.
Cardiac defibrillation was achieved electrically without the need for
pharmacologic adjuncts.
CBF and Cerebral Oxygen Metabolism
Fluorescent microspheres were used to determine CBF and cerebral
metabolic rate for oxygen (CMRO2), as reported in previous stud-
ies.4,10 After the 1-week period of daily neurobehavioral assess-
ment, the animals were killed by exsanguination under anesthesia
and their brains were removed.
Hemodynamic and Metabolic Data
In addition to the injection of microspheres, various physiologic
data were collected at the following times: baseline (after the induc-
tion of anesthesia but before the initiation of CPB); after 15 and 30
minutes of cooling; after 30, 60, and 90minutes of SCP; after 15 and
30 minutes of rewarming; and 15 minutes and 2 hours after CPB.
The data recorded were as follows: brain and rectal temperatures,
mean arterial pressure, intracranial pressure (ICP), sagittal sinus
pressure (SSP), pH, PCO2, arterial oxygen saturation, SSSO2, oxygen
content, hemoglobin concentration, hematocrit, glucose concentra-
tion, and CPB flow (where appropriate).
Behavior and Postoperative Neurologic Outcome
In the early recovery phase (defined as the first 3 hours after extuba-
tion), the animals were scored according to a 6-point scale reflecting
both early mental alertness and activity.11 In addition, starting on
day 2 to allow adequate convalescence, the animals were also taken
daily from their holding areas and allowed to explore a larger envi-
ronment in a specially designed room baited with strategically
placed apple pieces. Animals were videotaped, and performance
was scored in a blinded manner (ranging from 5 for normal to
0 for coma or death) by a neuroscientist skilled in assessing pig
behavior (DW). The videotapes were not identified with the pig’s
group or day of convalescence to ensure maximal objectivity.
Scores were based on gait, balance, and ease of movement.
Statistical Methods
Hemodynamic and intraoperative variables were compared between
groups at baseline with analysis of variance. Later comparisons were
based on absolute values or on changes from baseline if deemed
more relevant. For data that were consistent with the requisite as-
sumptions, groups were compared by repeated-measures analyses
of variance separately for periods of cooling, SCP, rewarming,
and post-CPB recovery. Pairwise comparisons, with the Bonferroni
multiple testing correction used to control for an overall .05 signif-
icance level, were conducted if the corresponding average difference
or time-by-group interaction was statistically significant. Other vari-
ables were compared by Wilcoxon tests at each time point, or aver-
aged across several days in the case of behavioral scores. Analyses
were performed with SAS software (SAS Institute, Inc, Cary, NC).
Results
Comparability of Experimental Groups
All animals were examined preoperatively daily by a veteri-
nary team to ensure that they were in normal health before the
surgery. The mean6 SD preoperative weights of the animalsracic and Cardiovascular Surgery c Volume 135, Number 4 785
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CSPTABLE 1. Hemodynamic and cardiopulmonary bypass–related data
Variable
by group Baseline
After 15 min
cooling
End of
cooling
30 min
SCP
60 min
SCP
90 min
SCP
15 min
rewarm
3
r
Brain temperature (C)
A 35.6 6 0.8 35.6 6 0.8 20.0 6 0.0 19.8 6 0.2 19.8 6 0.1 19.8 6 0.2 25.6 6 1.8 31.7
B 35.2 6 0.5 25.2 6 3.9 20.0 6 0.0 19.9 6 0.1 19.8 6 0.1 19.8 6 0.2 24.4 6 1.5 31.1
C 35.5 6 1.2 23.3 6 1.5 20.0 6 0.0 19.8 6 0.2 19.8 6 0.1 19.8 6 0.3 25.6 6 2.0 33.1
Mean arterial pressure (mm Hg)
A 66 6 17.5 46 6 1.6 46 6 2.1 50 6 0 50 6 0 50 6 0 52 6 13.6 55
B 58 6 7.0 48 6 3.9 44 6 4.4 70 6 0.0 70 6 0.3 70 6 0.3 46 6 8.1 53
C 63 6 13.6 45 6 5.6 44 6 2.0 90 6 0.0 90 6 0.3 90 6 1.3 49 6 11.2 59
pH (at 37C)
A 7.56 6 0.06 7.47 6 0.05 7.48 6 0.04 7.46 6 0.05 7.42 6 0.02 7.40 6 0.04 7.41 6 0.02 7.41
B 7.58 6 0.04 7.46 6 0.03 7.47 6 0.03 7.42 6 0.03 7.39 6 0.05 7.39 6 0.04 7.43 6 0.03 7.44
C 7.58 6 0.06 7.47 6 0.08 7.48 6 0.09 7.44 6 0.06 7.42 6 0.02 7.41 6 0.05 7.42 6 0.04 7.43
PaCO2 (at 37C, mm Hg)
A 38.7 6 5.7 42.5 6 4.8 40.0 6 5.5 38.2 6 3.0 39.3 6 2.9 37.6 6 4.2 36.2 6 3.4 37.5
B 35.6 6 4.7 42.0 6 2.8 38.6 6 2.6 41.0 6 1.2 40.4 6 4.3 37.5 6 2.8 36.0 6 2.1 38.0
C 36.4 6 4.4 43.0 6 8.2 40.7 6 9.3 40.6 6 6.1 40.1 6 4.3 37.9 6 6.2 37.3 6 5.2 38.6
Sagittal sinus oxygen saturation (%)
A 78.9% 6 7.8% 90.7% 6 5.0% 92.1% 6 4.1% 90.0% 6 5.5% 90.5% 6 6.5% 89.3% 6 6.8% 83.8% 6 5.8% 76.0%
B 77.5% 6 6.7% 89.0% 6 4.5% 89.2% 6 9.2% 93.6% 6 5.0% 94.3% 6 5.0% 95.0% 6 4.2% 83.3% 6 7.1% 75.7%
C 79.5% 6 4.4% 90.4% 6 6.3% 93.1% 6 2.4% 95.6% 6 3.9% 97.3% 6 2.4% 96.0% 6 4.9% 83.0% 6 6.5% 78.2%
Sagittal sinus PO2 (mm Hg)
A 5 6 1.1 3 6 1.8 2 6 1.9 2 6 2.0 2 6 1.8 3 6 2.8 3 6 1.9 4
B 5 6 2.2 4 6 2.1 4 6 2.4 4 6 2.4 5 6 2.4 5 6 2.8 3 6 2.1 4
C 4 6 2.6 3 6 2.4 3 6 2.5 6 6 4.0 7 6 4.5 7 6 5.0 4 6 3.2 4
Hematocrit (%)
A 30% 6 3.4% 25% 6 2.6% 27% 6 4.1% 25% 6 3.4% 25% 6 3.6% 25% 6 3.5% 28% 6 2.3% 31%
B 27% 6 2.8% 24% 6 2.2% 25% 6 2.3% 23% 6 2.7% 23% 6 2.3% 22% 6 2.5% 26% 6 2.8% 29%
C 28% 6 1.6% 25% 6 2.4% 24% 6 2.0% 23% 6 2.1% 23% 6 2.6% 23% 6 2.5% 28% 6 3.1% 32%
Cardiopulmonary bypass flow (mL/min)
A No flow 1943 6 311 1649 6 281 402 6 381 413 6 365 405 6 342 1758 6 535 1861
B No flow 2031 6 423 1922 6 568 768 6 481 831 6 484 893 6 467 2131 6 507 1947
C No flow 2028 6 363 1940 6 411 1463 6 1108 1521 6 1069 1446 6 973 1978 6 587 1876
All values are shown as mean6 SD. Temperature values shown are those recorded from the brain parenchyma. The pH values are for arterial blood. To
stage of the procedure, these variables were compared by four separate repeated measures analyses of variance, one each for the periods of cooling, s
cardiopulmonary bypass. Apart from the significant differences between groups in mean arterial pressure and cardiopulmonary bypass flow during select
experiment, the only other group differences significant at P, .05 were for hematocrit during cooling (group-by-time interaction P5 .03), PaCO2 after ca
P 5 .04), and sagittal sinus oxygen saturation after cardiopulmonary bypass (between groups P 5 .02).
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Pin each of the 3 groups were similar: group A, 26.76 1.6 kg;
group B, 27.0 6 1.4 kg; and group C, 27.4 6 1.3 kg (P 5
.57).
There were 3 deaths (1 in each group) either during the
operation or within the first 12 postoperative hours. All
were clearly related to technical mishaps. Each subject was
replaced in a randomized fashion.
Hemodynamic and CPB-Related Data
Baseline brain temperature was in close agreement among
the three groups (Table 1). Moreover, the temperature
changes during cooling, SCP, and rewarming and after
CPB were almost identical among the groups. The baseline
mean arterial pressure was not statistically significantly dif-
ferent among groups at baseline or during cooling (Table
1). As intended by the experimental design, however, the
three groups displayed distinctly different mean arterial pres-
sures during SCP (P, .0001). Thereafter, during rewarming
and after CPB, the levels were in close agreement.
In terms of blood gas management, the a-stat strategy was
consistently used, and the resulting pH and PCO2 values were
in close agreement among the groups (Table 1). As noted pre-
viously,12 the pig demonstrates a mild metabolic alkalosis at
baseline. Arterial oxygen saturation exceeded 99% in all an-
imals at every time point. Hematocrit values were also similar
in all the groups at baseline (Table 1). There was universal
hemodilution during cooling as a result of the circulation of
the saline CPB prime. This was followed by progressive
hemoconcentration to values above baseline during rewarm-
ing and after CPB. There were no significant differences
among the groups. No hypoglycemia was encountered in
any animal at any time.
CPB flows were similar in the three groups during cooling
and rewarming. Again as a consequence of the study design,
however, the flows were significantly different during SCP
(P 5 .007).
Cerebral Blood Flow
As seen in Figure 1, the baseline CBF values of the three
groups were similar and fell similarly during cooling. Once
SCP was initiated, the different perfusion pressures led to
significantly different levels of CBF (P 5 .04), with higher
perfusion pressures resulting in greater CBFs. After the
termination of CPB, CBF remained above baseline in all
groups. Although the group effect was not statistically signif-
icant during this period, CBF was highest in group C. CBF
assessment 2 hours after CPB showed that the levels had con-
tinued to rise in all three groups, to values almost twice those
recorded at baseline, although between-group differences
were less pronounced.
CMRO2 and Oxygen Extraction
The baseline CMRO2 values (Figure 2) were in close agree-
ment among the groups and were similar to values observed
in previous studies involving the pig model.4,10,12 DuringThe Journal of Thocooling, there was a marked decrease in CMRO2 in all groups.
Thereafter, during SCP, an initial slight increase compared
with the observation at the end of cooling was seen in all
groups, again without between-group differences. By the
end of SCP, the values in all three groups had fallen to about
the same levels as at the end of cooling. After CPB, CMRO2
values were elevated above baseline in all three groups at
both the 15-minute and 2-hour observation points, with the
between-group differences coming close to statistical signif-
icance (P 5 .06). The increases were greatest in group C.
The higher CMRO2 seen in group C during early recov-
ery (15-minute observation) was associated with both
higher CBF (Figure 1) and greater oxygen extraction
Figure 1. Cerebral blood flow rates (mean6 SE). BASELINE, After
induction of anesthesia but before initiation of cardiopulmonary
bypass; END COOL, value at end of cooling; SCP 30 and SCP 90,
values after 30 and 90 minutes of selective cerebral perfusion;
OFF CPB 15 and OFF CPB 120, values at 15 and 120 minutes after
termination of cardiopulmonary bypass. Asterisk denotes statisti-
cal significance (P 5 .04).
Figure 2. Cerebral metabolic rate for oxygen (mean6 SE). BASE-
LINE, After induction of anesthesia but before initiation of cardio-
pulmonary bypass; END COOL, value at end of cooling; SCP 30 and
SCP 90, values after 30 and 90 minutes of selective cerebral perfu-
sion; OFF CPB 15 and OFF CPB 120, values at 15 and 120 minutes
after termination of cardiopulmonary bypass. Hash mark denotes
statistical significance (P 5 .06).racic and Cardiovascular Surgery c Volume 135, Number 4 787
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CSP(Table 1). At the 2-hour observation, CBF did not differ
among groups; however, but whereas the SSSO2 values
for groups A and B were both above baseline, the persis-
tent elevation in CMRO2 in group C was accompanied by
continued high cerebral oxygen extraction, with SSSO2
values remaining below baseline and significantly lower
than the SSSO2 values in the other groups (P 5 .006 at 2
hours).
Intracranial Pressure
Values at baseline were low in all groups and remained so
during cooling, with no statistically significant differences
among the groups (Figure 3). During SCP, however, the
values were significantly different (P 5 .0002): pairwise
analyses showed that group C differed significantly from
groups A and B in its elevated ICP values during SCP, attain-
ing a mean level in excess of 10 mm Hg at the end of SCP,
a level at which we have previously documented impaired re-
covery.13 Group A did not differ significantly from group B.
During rewarming, the significant difference between the
groups persisted (P 5 .003), with the same pattern of results
in the pairwise comparisons. After discontinuation of CPB,
the values of the three groups converged to a level somewhat
above baseline. As anticipated, the SSP showed correlation
with the ICP, although the modest rise in SSP during SCP
in group C was less pronounced than the significant increase
in ICP (Table 1).
Visual Evoked Potentials
The median cortical wave amplitudes, expressed as percent-
ages of the corresponding waves’ amplitudes at baseline,
Figure 3. Intracranial pressure (mean values 6 standard error).
(mean 6 SE). BASELINE, After induction of anesthesia but before
initiation of cardiopulmonary bypass; COOL 15, value after 15 min-
utes of cooling; END COOL, value at end of cooling; SCP 30, SCP 60,
and SCP 90, values after 30, 60, and 90 minutes of selective cere-
bral perfusion; REW 15 and REW 30, values after 15 and 30 minutes
of rewarming; OFF CPB 15 and OFF CPB 120, values at 15 and 120
minutes after termination of cardiopulmonary bypass. Asterisk de-
notes P 5 .0002; hashmark denotes P 5 .003.788 The Journal of Thoracic and Cardiovascular Surgery c Apwere close to baseline values by 15 minutes after CPB in
all groups (group A 91%, group B 76%, group C 80%)
and had diminished marginally at the 2-hour observation
point (group A 75.5%, group B 59%, group C 64%). There
were no statistically significant differences among the
groups.
Early Recovery Scores and Neurobehavioral
Assessment
The median early recovery scores were different among the
three groups (group A 6, group B 5, group C 4) for each of
the first 3 hours after extubation. These differences, however,
did not reach statistical significance for any of the three time
points (P 5 .18, P 5 .15, and P 5 .16, respectively).
The data from the blinded analysis of the daily, videotaped
sessions in the maze are shown as Figure 4. The three groups
differed significantly in the averages of their scores for days 2
through 7 (P 5 .0002). Pairwise analyses show that group
A—the group with the lowest perfusion pressure—differed
significantly from both group B and group C but that the
difference between groups B and C did not reach statistical
significance.
Discussion
Cerebral Autoregulatory Disturbance
Under normal physiologic conditions, the key mechanisms
determining CBF regulation are autonomous. Myogenic
cerebral autoregulation maintains a remarkably constant
level of CBF in the face of a range of mean arterial pressures
ranging from 50 to 150 mmHg, andmetabolic autoregulation
serves to alter local flow to ensure adequate oxygen delivery
to match demand. Unfortunately, during aortic arch surgery
there are many factors at play disturbing these precise phys-
iologic balances. Anesthesia, CPB, hypothermia, cerebro-
vascular disease (a frequent associated finding), and
embolization, as well as advanced patient age, can all affect
CBF and its relationship to perfusion pressure.3-8,14
Figure 4. Results from videotaped analysis of pig neurobehavioral
performance (median values). Asterisk denotes P 5 .0002.ril 2008
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PMoreover, the use of a limited systemic circulation, in the
form of SCP, may have further impact on the integrity of ce-
rebral autoregulation. In this complex setting, in which CBF
is likely to become increasingly pressure dependent, the op-
timal perfusion parameters have yet to be defined.
Inadequate perfusion pressures may leave the brain suscep-
tible to areas of infarction. Inadequate oxygen delivery at lower
perfusion pressures is a real concern in the patient cohort under-
going aneurysm repair, because many are hypertensive, are el-
derly, and have significant atherosclerosis, all of which argue
for higher perfusion pressures. But higher pressures in the ab-
sence of autoregulation are likely to result in higher CBF,
which in turn increases thepossibilityofembolicdamage, ama-
jor risk factor in this clinical population.3-9
The studies examining the effects of CPB and hypother-
mia on cerebral autoregulation have produced some conflict-
ing results. Earlier experiments15 and clinical data16,17
seemed to point toward preserved cerebral autoregulation,
even under conditions of hypothermia. Although this has
not been resolved, more contemporary results seem to indi-
cate disturbed autoregulation with CPB, especially with pro-
found hypothermia, allowing perfusion pressure to determine
CBF.18,19 Assuming that the ratio of CBF to CMRO2 at base-
line is ideal, our own studies suggest that there is always
some degree of luxury perfusion during CPBwith deep hypo-
thermia but that some of the mechanisms involved in autor-
egulation nevertheless do seem to operate. Of note in this
study, there appears to be active autoregulation in the brain
when one compares cerebral perfusion with flow to the re-
mainder of the upper body tissues perfused during SCP.
The maximal difference between perfusion at 50 and 90
mm Hg was less than 2-fold in the brain but about 4-fold
elsewhere, as estimated from total SCP flow.
Previous studies with this model4,10 have shown that
cerebral perfusion and metabolic characteristics during
SCP are not the same as during CPB undertaken with
identical parameters. This finding could be due to the
unique interaction between the perfused head and neck cir-
culation and the ischemic remainder of the body. Thus ce-
rebral autoregulation during SCP cannot be assumed to
conform to that seen with whole-body CPB at comparable
temperatures. The only previous study addressing this
question20 showed that in dogs CBF remained constant
as SCP pressure was lowered from 90 to 40 mm Hg
through reduction in pump flows. Below 40 mm Hg, how-
ever, there was a dramatic fall in CBF and metabolic rate,
suggesting that ischemia was occurring. These studies in-
volved perfusion of the lower body during SCP, however,
so one might expect results not dissimilar to those seen
with hypothermic CPB.
Impact of SCP Pressure on Cerebral Physiology
This report is the first to examine the effects of different pres-
sures and flows during SCP with an ischemic lower body andThe Journal of Thoto report effects not only on CBF and metabolism but also on
behavioral outcome. The results from our study show that
those animals perfused at higher pressures, achieved by
increasing CPB flows, have significantly poorer neurobeha-
vioral outcomes according to all our measures. This colors
our interpretation of the metabolic and blood flow changes,
which we feel must be analyzed in light of their effect
on—or correlation with—outcome.
The animals perfused at higher pressures had significantly
higher levels of CBF during SCP. But their CMRO2 levels
during SCP were comparable to those of pigs perfused at
lower pressures, suggesting a loss of blood flow–metabolism
coupling in the high-pressure group, evidence of more
severely impaired autoregulation. Results from previous
studies10,21 suggest that there may be other ways of enhanc-
ing CBF without the deleterious effects of higher-pressure
perfusion seen here. Specifically, earlier experiments investi-
gating pH management10 resulted in levels of CBF in the
pH-stat group in excess of those seen with SCP at 90 mm
Hg in this study, accompanied by elevated CMRO2 levels
and correlated with neurobehavioral outcomes no worse
than those seen in animals undergoing a-stat management.
The animals undergoing pH-stat SCP had a low ICP profile,
akin to the animals undergoing a-stat SCP and the group A
and B animals in this study. The suggestion that elevated
CBF may be less harmful if unaccompanied by elevations
in ICP is corroborated by other work from our laboratory, in-
cluding studies in which the elevated CBF associated with
a lower hematocrit during SCP gave rise to both high ICP
and poorer outcome.
In the clinical arena, where established cerebrovascular
disease is often present, the optimal provision of SCP is
even less certain and considerably harder to elucidate. Kazui
and colleagues21 have provided us some insight through their
animal model of established cerebral infarction. Although
functional recovery was not assessed, they showed that pH-
stat management confers an improved intraoperative milieu,
as attested by lower serum levels of glutamate and malondial-
dehyde, two products of ischemically mediated brain injury.
Furthermore, the same group has shown ischemic histopath-
ologic changes in the brains of mongrel dogs subjected at
25C to either hypothermic circulatory arrest or SCP at
25% of the normal flow rate relative to those animals per-
fused at more physiologic levels of CBF, with their attendant
higher perfusion pressures.22
In our study, animals perfused at higher pressures demon-
strated significantly higher levels of ICP both during SCP and
during rewarming. The importance of ICP as a prognostic in-
dicator of later neurologic function has been demonstrated
previously.13 It is not possible to be sure whether the elevated
intraoperative ICPs seen in group C were directly injurious or
instead marked some other deleterious mechanism that ulti-
mately resulted in poorer postoperative neurobehavioral
function. It is conceivable that ICP could rise as a result ofracic and Cardiovascular Surgery c Volume 135, Number 4 789
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CSPmicroembolic damage, from generalized blood–brain barrier
dysfunction with edema formation, or as a direct conse-
quence of higher capillary hydrostatic pressures. In this
experiment, the persistently low SSPs in all animals preclude
invoking cerebral sinus outflow obstruction as a mechanism.
It seems likely that an elevated ICP—regardless of mecha-
nism—contributes to cerebral injury by impairing CBF dur-
ing recovery.
There is also a suggestion of elevated post-CPB CMRO2
with higher-pressure SCP. We postulate that this could be
a response to intraoperative cerebral injury and that the mar-
ginally elevated CMRO2 during recovery reflects attempted
reparative efforts by the injured brain. The SSSO2 values in
this group remained below baseline at 2 hours, likely reflect-
ing insufficient CBF being delivered and forcing reliance on
increased extraction in an attempt to compensate and provide
adequate oxygen delivery. This tenuous situation may pre-
cipitate further ischemic damage, contributing to the poorer
functional outcome in the high-pressure group.9 Others have
also commented on the dangers of losing flow–metabolism
coupling, because the ability to increase oxygen extraction
is not unlimited.23 Contrary to an early assumption—by us
and by others—that rapid and vigorous recovery of the
CMRO2 is evidence of successful cerebral protection, we
have found in recent studies that a slower, more gradual
recovery from hypothermic cerebral protection often corre-
lates with a better behavioral outcome.
Neurobehavioral Assessment in the Experimental
Animal
The most convincing aspect of the data concerns behavioral
outcome, which was scored in several different ways, all of
which showed the same result. The completely blinded scor-
ing of daily videotaped behavior, in which the time elapsed
since surgery and the experimental group of each pig were
not identified, is the most objective system we have yet
devised to evaluate postoperative neurologic recovery. This
evaluation, which took into account the animals’ gait, stabil-
ity, balance, and ease of movement, showed unequivocally
poorer behavioral outcomes in the group perfused at higher
pressures during SCP.
Study Limitations and Clinical Recommendations
Overall, these results suggest that elevated perfusion pres-
sures are not advisable during SCP. Clearly, the avoidance
of neurologic injury in the clinical situation is more complex
than in this experimental model, and we concede that
elevated flow rates—and possibly higher perfusion pres-
sures—may improve the vitality of collateralized watershed
regions around areas of cerebral infarction that may be pres-
ent in patients with atherosclerosis.24,25 The increased CBF
that occurs with higher-pressure perfusion is also likely to
be dangerous, however, increasing the risk of cerebral edema
and also enhancing the possibility of embolization of athero-790 The Journal of Thoracic and Cardiovascular Surgery c Apsclerotic debris in patients with aneurysms, a risk not present
in this juvenile pig model. As yet, no functional neurologic
outcome data are available from experimental studies of
SCP after previous focal insults.
Although one cannot extrapolate every detail directly
from the experimental to the clinical situation, we emphasize
the importance of establishing the ideal preparatory condi-
tions for SCP. In particular, thorough cooling on CPB,
reflected by SSSO2 levels far above baseline at the end of cool-
ing and during SCP (Table 1), was used here experimentally,
and we find jugular venous saturations very useful in our clin-
ical practice, with SCP only initiated once the jugular bulb
venous saturation exceeds 90%. In addition, jugular venous
saturations can provide—as in this experiment—a useful on-
going reflection of the adequacy of cerebral perfusion. Trans-
cranial Doppler ultrasonography and various systems for
monitoring tissue oxygenation are also useful safeguards
that may alert the clinical team to inadequate regional perfu-
sion during SCP.
On the basis of our results, we recommend that clinical
SCP be undertaken at flows producing pressures between
50 and 70 mm Hg. This level of perfusion pressure appears
to provide blood flow adequate to meet demands, and, in
the presence of a-stat pH management, should allow some
degree of autoregulation to continue to operate. Higher-
pressure SCP, although theoretically appealing, is associated
with increased CBF, elevated ICP, and poorer behavioral
outcome.
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